The production of cereals, including rice, wheat, and maize has increased in China over the past 20 years. However, variations in the production and cultivated area of cereals remains unclear. In this study, we collected and analyzed the cereal production and cultivated area in China from 1998 to 2016. An 85% increase in cereal production was recorded from 1998 to 2016, due to an increase in the maize production along with the increase in the cultivated area. Meanwhile, rice and wheat production have been stable since 2000. No change occurred in the rice cultivated area through 2016, and a 19% decrease in the wheat cultivated area was observed in 2016 relative to 1998. In addition, a significant positive relationship was observed among cereal production, maize production, and cultivated area (p < 0.0001). Together, the increase in cereal production in China over the past two decades has resulted from the increase in maize cultivated area and the consequent increase in maize production.
Introduction
Cereals grains have nourished humanity for thousands of years [1] . Rice (Oryza sativa L.), wheat (Triticum aestivum L.), and maize (Zea mays L.) production in 2013 increased to 746, 713, and 1016 million tons, respectively, which contributed to more than 89% of the global cereal production [2] . These cereal crops are still the most important source of calories for most of the human population today. Moreover, population growth, richer diets, and biofuel use has resulted in the increase of human demand for crop production over the coming decades [2, 3] . In China, rice, wheat, and maize are also the three major cereal crops, and they play a key role in national food safety.
The gross crop production in a region is determined by the production of each crop. In China, cereal production is determined primarily by rice, wheat, and maize production. The per hectare yield and cultivated area are the two main factors affecting crop production under limited farmland, and any changes in the cultivated area or productivity could influence the total production [4−5] .
Most of research has focused on the increase in per hectare yield of rice, wheat, and maize through improvements in cultivars, nitrogen management, irrigation patterns, planting patterns, planting density, and the yield gap [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Meanwhile, some scientists have used remote sensing technology and modeling simulations to analyze the effects of climate change, human population growth, and technical progress on the spatial-temporal changes in cereal yields and land use patterns in China [15] [16] [17] . However, few studies have attempted to clarify the spatial-temporal variations in cereal (rice, wheat, and maize) production and the cultivated area, as well as detecting the relationships between the cultivated area and production over the past two decades in China.
China produces 18% of the world's cereal grains to supply more than 20% of the world's population with only 8% of the global farmland (120 M ha) [2] . The gap in the yield potentials across the three cereals is large, and as such, increasing the cultivated area of high yield-potential crops could increase crop production under the constraint of limited farmland. Therefore, it is important to optimize the crop distribution on the limited farmland to improve crop production [3] .
In China, the cultivated areas of these three cereal crops have varied greatly over the past two decades due to economic benefits, national policy, and climate change [18] . Cereal production has changed over the past 20 years, but it remains unclear how variation in the cultivated areas and production of these crops has affected the overall cereal production in China.
In this study, we collected data on rice, wheat, and maize production, as well as the cultivated area at the province level covering 1998-2016 from China's National Bureau of Statistics (NBS), so as to: (i) identify the spatial-temporal variation in rice, wheat, and maize production, and the cultivated area; (ii) determine the effects of this variation on cereal production; and (iii) provide a reference for optimizing crop distribution and the development of sustainable agriculture.
Materials and Methods

Study Region
The study region was divided into northeast, northwest, north, central, south, and southwest China, and the combined Qinghai and Xizang region, based on the diverse geographic and climatic conditions ( Figure 1 and Table 1 ). Rice is mainly distributed in central and south China which have a subtropical humid and sub-humid climate. Winter wheat is mainly distributed in northwest, north, and central China, and spring wheat is distributed mainly in northeast China. Maize is distributed in across a south-to-north transect from the low and middle latitudes in southwest China to the high latitudes in northeast China [19] . Spring maize is planted widely in northeast China (Heilongjiang, Jilin, and Liaoning province), southwest China (Yunnan, Guizhou, Chongqing, and Sichuan provinces, China), and in the Shanxi and Shaanxi provinces in the North China Plain. Summer maize is mainly distributed in the North China Plain (Hebei, Henan, Shandong, Beijing, and Tianjin provinces, China) [19] . 
Data Source and Collection
In this study, the cereal crops included rice, wheat, and maize. Data including cereal, rice, wheat, and maize production, as well as the cultivated area at the province level during 1998-2016 were obtained from China's National Bureau of Statistics (NBS) [20] . We collected data on the irrigated area, nitrogen fertilizer consumption, phosphate fertilizer consumption, compound fertilizer consumption, total fertilizer consumption, soybeans cultivated area, and soybeans production of China from the Agriculture, Food and Agricultural Organizations of the United Nations (FAO) covering the period of 1998 to 2016 [2] .
Data Analyses
When the spatial-temporal trend was analyzed, the data were divided into six classes by period: 1998-2001, 2002-2004, 2005-2007, 2008-2010, 2011-2013, and 2014-2016 . The average values of three years were calculated for each class to evaluate the spatial-temporal variation in cereal production and the cultivated areas (Figures 2 and 3 ). The data were not grouped and averaged for other analyses.
The rice, wheat, or maize production or the cultivated area as percentages of the cereal production or cultivated area (PP or PA) were calculated as follows:
where Y is the rice, wheat, or maize production, and Yc is the cereal production.
where A is the rice, wheat, or maize cultivated area, and Ac is the cereal cultivated area. Correlation analyses and regression analysis were performed following the PROC CORR and PROC REG procedure (SAS Institute Inc., 2013, Raleigh, NC, USA) as described in Reference [21] , to test the relationships between cereal production, rice production, rice cultivated area, wheat production, wheat cultivated area, maize production, and maize cultivated areas. Figures were generated using the ArcGIS software ver. 10.2 (ESRI) and SigmaPlot ver. 12.5 software (Systat Software Inc., San Jose, CA, USA). 
Results
Temporal Variation
The cereal, rice, wheat, and maize cultivated areas decreased from 1998 to 2003 ( Figure 4A 
Spatial-Temporal Variation
From 1998 to 2007, cereal cultivation was mainly distributed in southwest, central, north, and northeast China (Figures 2A, B, C and 5) . The cereal cultivated area showed a decreasing trend from 1998 to 2002 in China, and then began to increase (Figures 2 and 5) . From 2008-2016, cereal cultivation was mainly distributed in north and northeast China ( Figures 2D, E, F and 5A, C) . In 2008, the cereal cultivated area began to increase in central, northwest, and northeast China ( Figures 2D and 5A, B,  D) . In northeast China, the wheat cultivated area decreased over the period 1998−2016, and the rice and maize cultivated area showed an increasing trend ( Figure 5A ). In northwest China, north China, Qinghai, and Xizang, the rice cultivated area was stable during 1998−2016, while the maize cultivated area showed an increasing trend ( Figures 5B, C, F, G) .
Over the period of 1998-2007, cereal production was mainly spread in southwest, central, north, and northeast China ( Figures 3A, B, C and 6 ). Cereal production began to increase in northeast China in 2001 ( Figure 6A ), while cereal production began to decrease in southwest China during 1998 ( Figure 6F ). During 2008-2016, cereal production was mainly spread in north and northeast China ( Figures 3D, E, F Figures 6C, D) . In south China, the rice production decreased during the period 2000−2016, whilst wheat production ranged from 0.25 to 0.32 M t during 1998−2016, and maize production increased during 2001−2016 ( Figure 6E ). In southwest China, Qinghai, and Xizang, rice production increased during 1998−2000 and it was stable during 2001−2016. Meanwhile, wheat production increased from 1998 to 2000, and it was stable during 2000−1998, whilst maize production increased during 2001−2016 ( Figure 6 ).
The rice cultivated area as a percentage of the cereal cultivated area ranged from 36% to 37% from 1998 to 2007, and it decreased after 2008 ( Figure 7A ). The wheat cultivated area decreased continuously from 33% to 26% of the cereal cultivated area during 1998-2016, whereas the maize cultivated area continuously increased from 30% to 41% of the cereal cultivated area during 1998-2016 ( Figure 7A ).
The rice production as a percentage of the cereal production ranged from 40% to 45% from 1998 to 2010, and it decreased after 2001 ( Figure 7B ). The wheat production decreased continuously from 29% to 20% of the cereal production during 1998-2016, whereas the maize production increased continuously from 29% to 47% of the cereal production during 1998-2016 ( Figure 7B ).
The cereal production was significantly and positively related to the production of rice (p < 0.0001), wheat (p < 0.0001), and maize (p < 0.0001) ( Figures 8A, B, C) , and there were significant positive relationships between cereal production and the rice cultivated area (p < 0.05), and maize cultivated area (p < 0.0001) (Figures 8D, F) .
Together, the increase in cultivated maize area resulted in an increase in maize production, which was the reason for the overall increase in cereal production in China during the past 20 years, suggesting that optimizing crop distribution could increase crop production in China. Correlations between Chinese total cereal production and rice production (A), wheat production (B), maize production (C), rice cultivated area (D), wheat cultivated area (E), and maize cultivated area (F) from 1998 to 2016. * and **** indicate significance at p < 0.05 and p < 0.0001, respectively. Ns means nonsignificant at p < 0.05.
Discussion
The increases in cultivated area and the passive national land policy resulted in observed increases in the production of cereals, rice, wheat, and maize from 1998 to 2000 [15] . However, the decreases in the cultivated area and production were observed between 2000 and 2001, due to the loss of some of the best agricultural lands to rapid urbanization and industrialization. In addition, a drought in 2000 led to a decrease in grain yield during 2000−2001 [20] .
After 2001, cereal production increased due to an increase in maize production resulting from an increase in the maize cultivated area. Agriculture in China is currently moving from government control to market control, as such the world trade and domestic markets will be the most critical factors driving these changes in China. In north China, the yield potential is higher for maize than soybean or wheat, and farmers could receive higher returns from maize than soybean cultivation. Consequently, the increase in the maize cultivated area, has led to decreases in the soybean and wheat cultivated area. For example, since 2001, the maize cultivated area has increased, whilst the spring wheat and soybean cultivated areas have decreased in northeast China. Moreover, in the China, the soybean area dropped from 1998 (30 × 10 6 ha) to 2004 (22 × 10 6 ha), and the value remained around 24 × 10 6 ha during 2005-2016 ( Figure 7C ). In north China, the groundwater table has fallen sharply over the last 30 years, resulting in a shortage of water for winter wheat irrigation [13] . Therefore, converting from winter wheat and summer maize cultivation to spring maize cultivation was an important strategy to maintain agricultural sustainability and to cope with the water resource shortage in the region, which resulted in an increase in the maize area. In addition, forests, waste lands, grasslands, and wetlands have been cultivated as new agricultural lands to produce food for the increasing population in the northeast and northwest [22] .
In general, all types of energy inputs associated with irrigation, fertilizer, crop management, and harvesting should be considered when evaluating agricultural production. For example, before the "household responsibility system" was implemented in 1978, farmers relied mainly on organic fertilizer, which led to low crop productivity (typically less than 1.5 metric t/ha). After 1978, the increases in yield per hectare and production per capita appeared mostly due to the increased industrial energy inputs, especially the rapid increase in chemical fertilizer use after the "household responsibility system" as reported by Tong et al. (2003) [15] . Since 1982, farmers have used more chemical fertilizers than organic fertilizer (104.6 versus 96.7 kg/ha) [23] . Therefore, in China, the irrigated area of cultivated land was 28% more in 2016 than in 1998, and the consumption of total fertilizer, nitrogen, phosphate, and compound fertilizer in 2016 increased by 47%, 3%, 22%, 84%, and 168%, respectively, compared to 1998 (Figures 7E and F) . Moreover, Chinese farmers often apply nitrogen fertilizer as "insurance" against low yields [24] . Consequently, the use of chemical fertilizers has been an important factor in the increase in cereal production.
Optimizing crop distribution is an important way to increase productivity on limited farmland, because the increase in the cultivated area of high-yield crops results in an increase in the total grain yield in the region. In this study, the percentage of rice and wheat cultivated area of the cereal cultivated area decreased from 37% to 33% and from 33% to 26%, respectively, during 1998-2016, whilst that of maize increased from 30% to 41%, resulting in the observed increase in cereal production. Maize, as a C4 plant, has a higher yield potential than wheat or rice, and it was widely distributed in northeast, north, northwest, and southwest China [18] , where it has played an increasingly vital role in global food security [10] . Maize has nourished humanity and has been developed as an energy crop and as a supply of forage for animal husbandry, as such farmers can earn high economic returns by cultivating maize. Moreover, Davis et al. (2017) found that optimizing the global distribution of major crops reduced the use of green and blue water by 14% and 12%, respectively, relative to existing levels [5] . In addition, the growth season of maize coincides with the precipitation season, which can thus make full use of the rainfall, whereas wheat grows in winter and the spring season with little rainfall. Consequently, the winter wheat cultivated area decreased to cope with water resource shortages in the North China Plain. In this study, cereal production was observed to have significantly increased through the increase in the maize cultivated area over the past 20 years, and there was a significant positive relationship between cereal production and the maize cultivated area (p < 0.0001). Therefore, with limited farmland, optimizing the crop distribution would improve production and resource use efficiency.
Conclusion
We evaluated the spatial-temporal variation in production and the cultivated area of cereal, rice, wheat, and maize in China. The production of cereal and maize increased over the past 20 years, while that of rice and wheat was stable. A 52% increase was observed in the maize cultivated area during 1998-2016, and there was a 19% drop in the cultivated wheat area. A significant positive relationship was detected among cereal production, maize production, and cultivated area (p < 0.0001). The resulting increase in cereal production was due to an increase in the cultivated area of maize, suggesting that optimizing crop distribution could improve food supply in China. Our results can be used as a basis to model the interactions between crop cultivated areas and yields, and to quantify the productivity gains and production costs for rice, wheat, and maize as well as to determine the optimal crop arrangements under limited farmland area. 
